C1l.1New Data/ Ozone(Terra)
Ozone Data Assimilation System in Support of TerraLaunch

The ozoneisincluded as a new input datatype to and as a new assimilated output field from the
GEOS ozone DAS component of the Terra System. A global three-dimensional ozonefield is
produced by assimilation of the total column ozone observations from the Total Ozone Mapping
Spectrometer (TOMS) (McPeters et al. 1998) and partial ozone profile observations from the
Solar Backscatter Ultraviolet/2 (SBUV/2) instrument (Bhartia et al. 1996). The assimilating
model is an off-line ozone transport forecast model (Lin and Rood 1996) that is driven by
GEOS-3 assimilated winds. The assimilation is done using aglobal physical space based
statistical analysis scheme (Cohn et al. 1998). Theinitia version of GEOS ozone DAS s
described by Riishgjgaard et al. (1999). The current version of GEOS ozone DAS that is
implemented as a component of the Terra System is described in detail by Stajner et al. (1999a),
which isincluded as the next section C1.2 of this document. Alternative configurations of the
GEOS ozone DAS that would be used in case of failure of either TOMS or SBUV instruments
were identified and the assimilated fields produced using these configurations were validated by
Stajner et al. (1999b). The following sections contain a brief description and examples from
validation of the configuration of the GEOS ozone DAS being used for Terra support.

Description of GEOS ozone DAS

In the GEOS ozone DAS the forecast step consists of integrating the constituent advection
equation
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where 1 isthe ozone mixing ratio and v is the wind. A flux-form semi-Lagrangian advection
scheme (Lin and Rood 1996) with atime step of 15 minutesis used to integrate this equation.

In the current ozone assimilation system the chemical source and sink terms are not included.
This decision was based on experiments using parameterized chemistry asin Riishgjgaard et al.
(2999). The known bias between the source and sink terms and the observations was found to be
substantial, leaving residual errorsin the assimilated data product that were larger than those
from the exclusion of chemistry. Effectively, since the time between different introductions of
datainto the system is small, the observations themsel ves are acting as the source and sink terms.
Further since the bulk of the column resides in the lower stratosphere where the ozone is quasi-
conservative, the ozone variability is dominated by advective processes. A notable shortcoming
of neglecting the chemical termsis the ozone hole region. We expect to improve the
representation of chemical processes with further study.

The SBUV profile data from Umkehr layer 3 and above (above 126 hPa) are assimilated together
with TOM S total column ozone data. Both instruments are on board polar orbiting satellites.
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The TOMS provides almost global coverage of the sunlit portion of the Earth in 24 hours. The
SBUV instrument makes measurements at nadir only, also using the back-scattered sunlight. The
SBUV data has vertical resolution of about 5 km, and horizontal resolution of about 200 x 200
km. The horizontal resolution of TOMS is higher, varying from about 40 x 40 km at nadir to
about 100 x 100 km at largest scan angles. Thus, prior to assimilation the TOMS data are
averaged into 2° latitude by 2.5° longitude bins, which is the horizontal resolution of the forecast
model. Consequently, about 10000 TOMS data in addition to about 1000 SBUV profiles are
assimilated daily.

Assimilation of available observationsis done after every model time step (15 minutes). The
forecast vector ' obtained by integrating eg. (1) is combined with the vector of ozone
observations T° to provide the best estimate or analysis of ozone p® using the following statistical
analysis equations. The innovation equation is solved for vector x

HP'HT+R)x=1°-Hp", )

where H isthe matrix of the observation operator, while P’ and R are forecast and observation
error covariance matrices.  The analyzed state ® is obtained using the following equation

wr=p" +PH x. 3

The models that are used for P, R and H are given and discussed in detail by Stajner et al.
(1999a). The matrix R is diagonal except that the errors of the SBUV observations that belong to
asingle profile are model ed as correlated. The forecast error variance is modeled proportional to
the forecast field. The horizontal forecast error correlations are anisotropic. The horizontal
forecast error correlations are anisotropic to account for nonuniform coverage of assimilated
observations. The correlation length is the longest in the zonal direction in the tropics where
data are sparse. This correlation model accounts for the anisotropy resulting from the non-
uniform distribution of observations that are assimilated in the ozone system. The vertical
forecast error correlations are modeled using a function that is zero for points separated by more
than five model levels (Gaspari and Cohn 1999). Computational savingsin the statistical analysis
algorithm are obtained through the use of this compactly supported error correlation model.

Validation of GEOS ozone DAS

The validation results for the ozone system that are presented here are from two assimilation
experiments: from January to September of 1998 and from November to December of 1999.
They are in agreement with and extend the validation results for winter 1992 given by Stajner et
al. (1999a).

One measure of the quality of the assimilation is how well the system forecast and observations
agree before they are blended together. The daily root-mean-square (RMS) difference between
the total column ozone forecast and TOMS total column ozone observations is approximately 11
Dobson units or 3.6% in 1998 (Fig. 1) and about 10 Dobson unitsin 1999. A sharp drop in this

RMS occurs over first several days, as the ozone field adjusts from the initial condition to
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incorporate assimilated observations. The maximum in March corresponds to the increased
dynamical activity in the Northern hemisphere. It isfollowed by a gradual decrease resulting in
return to January levelsin July. The difference between forecast and observations consists of the
forecast model and TOMS errors. McPeters et al. (1998) characterized errorsin TOMS: the
random part of approximately 2%, and atime invariant bias of less than 3%. Thusthetotal error
in TOMSisamost identical to the RMSin Fig. 1 indicating an accurate forecast. A comparison
of analyzed profiles with SBUV observations between 50 and 2 hPa reveals the global root-
mean-square difference of less than 15%. Thisis comparable to the independently reported
SBUV errors (Bhartia et al. 1996).

Another step in validation is comparison with independent data types that are not assimilated in
the system. Three external types of observations are used here. Independent profile
measurements with vertical resolution better than 2 km are available from the Halogen
Occultation Experiment (HALOE) (Bruhl et al 1996). The mean HALOE profile for January
1998 is shown in Figure 2, together with the mean of analysis profiles nearest to HALOE
measurement times and locations. In January 1998, the RM S difference between HALOE and
analysis fieldsis better than 20% and mean difference is better than 6.5% of the HALOE mean
between 30 hPaand 1 hPa. . In July 1998, after assimilation continued for six more months, the
differences between HALOE and analysis are smaller than in January between these pressure
levels. Bruhl et al (1996) found that between these pressure levels HAL OE measurements agree
within 5% with other ozone measurements (from ozone sondes, lidars, balloons, rocket sondes
and other satellites). This establishes that the assimilated fields are of quality comparable to
HALOE and other profile measurements.

Independent measurements of tropospheric and lower to middle stratospheric profiles are
available from WMO ozone sondes. The RM S difference between WM O ozone sonde
measurements and analyzed ozone profiles relative to the mean of sonde measurementsis shown
in Fig. 3. The solid curve corresponds to the beginning of assimilation in January and the dashed
curveto its end in September of 1998. The RMS in January generally increases with pressure
between 10 and 850 hPa. It isless than 20% for pressure lower than 50 hPa, about 40% at 100
hPa, increases to 60% at 300 hPa and further at 850 hPa. Compared to January, the RMSin
September islower at 850 hPa and higher at 150 hPa. Separate comparisons with sondesin low,
middle and high latitudes showed that this increase in the RM S difference between sondes and
analysis occurs near the average tropopause height in each region The behavior of thisRMS for
winter 1992 is similar (Stajner al. 1999b). No accumulation of errors was found in the free
troposphere, away from the tropopause.

An example of validation covering al nine monthsin 1998 is given in Fig. 4. Monthly statistics
at 20 hPawere computed: mean of the ozone sonde measurements, mean ozone analysis and
their RM S difference. All these statistics are stable in time and there is no accumulation of
errors. On the contrary, the RM S difference decreases in March and remains stable on this lower
level.

The Polar Ozone and Aerosol Measurement (POAM) |11 data was compared with HALOE and
ozone sondes by Lucke et al. (1999). The POAM and HAL OE means agree within about 5%
between 15 and 55 km altitude. A comparison of POAM with sondes shows agreement of the
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means within 5%. We use the independent POAM data for validation of the analyzed ozone data
for November and December 1999. The profiles used in this comparison were measured in the
winter hemisphere between latitudes of 63.5 N and 65 N. The mean of 278 POAM profilesis
shown in Fig. 5. The analysis profiles were interpolated from pressure to height levels using an
approximate relationship between them with a constant scale height of 6.6 km. The resulting
analysis mean (also shown in Fig. 5) agrees with the POAM mean in the profile shape. However,
analysis ozone is higher than POAM between about 23 and 40 km. Note that some of this
difference might be due to the POAM data. Lucke et al. (1999) found that the mean of POAM is
lower then sonde mean between 25 and 30 km for the station in the winter hemisphere in their
comparison.

We have shown a good agreement between analysis fields and independent profile observations.
Using the comparison with the input data types, we have shown that the forecast model faithfully
propagates the information for 24 hours. During a nine months long assimilation the quality
ozone fields is mostly stable. Middle and upper stratospheric and tropospheric profiles slightly
improve. The quality of total ozone is constant except for the maximum in error that occurs
during northern hemisphere spring. Thereis an increase in error around the tropopause.
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Figures
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Figure 1: The daily root-mean-square (RMS) difference between the total column ozone forecast
and TOMS total column ozone observations from December 13, 1997 to October 6, 1998 is
shown.

DAO ATBD / New Data/ Ozone (Terra)-6



HALOE and analysis ozone
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Figure 2: The means of independent HALOE and analysis ozone profiles are shown. The
HALOE measured 551 profiles at sunset and sunrise between the latitudes of 72S and 47N.
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RMS difference between sondes and analysis
relative to mean of sonde observations
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Figure 3: The RMS difference between independent ozonesonde measurements and ozone
analysisis shown for January (solid line) and September (dashed line) 1998.
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Monthly statistics at 20 hPa
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Figure 4: For nine months in 1998 monthly quantities at 20 hPa are shown: sonde mean (solid
line), analysis mean (dashed line), and the RM S difference between sondes and analysis. The
differences between independent sonde measurements and the ozone analysis are stable in time,
after adecrease in the RMSin March.
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Mean POAM and analysis ozone
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Figure5: Mean POAM and analysis profiles from November 29 to December 21, 1999 are
shown. The analysis profiles were interpolated from pressure to height levels using a constant
scale height of 6.6 km. The POAM measurements were made between latitudes of 63.5N and
65N.
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